BACKGROUND/OBJECTIVES: This investigation evaluated 12 hydration biomarkers, to determine which represent 24-h whole-body water balance (that is, measured as water retention or clearance (WR-C) by the kidneys). SUBJECTS/METHODS: Healthy males (n ¼ 59; body mass, 75.1 ± 7.9 kg; height, 178 ± 6 cm; age, 22 ± 3 years; body mass index, 23.9±2.4 kg/m 2 ) met with a registered dietitian each morning (days 1-11) to optimize completeness and accuracy of food and fluid records, then went about ordinary daily activities. These men visited the laboratory for blood samples and collected all urine produced on days 1, 3, 6, 9 and 12. The reference standard (WR-C) was calculated using 24-h urine volume, 24-h urine osmolality, and serum osmolality (single morning venous sample). RESULTS: Statistical regression analyses indicated that, among the 12 hydration biomarkers, only 24-h urine osmolality (r 2 ¼ 0.60, Po0.0001) and 24-h urine specific gravity (r 2 ¼ 0.52, Po0.0001) strongly predicted WR-C. The 24-h fluid intake, 24-h body mass change, 24-h urine color and 24-h urine volume were weak (P40.05) predictors of WR-C, similar to serum osmolality and other single measurements (range of r 2 values, 0.19-0.0001). CONCLUSIONS: These observations of healthy, active young men demonstrate that WR-C is strongly related to the 24-h concentration of urine, which in turn reflects the excretion of total solids in the diet. Although morning urine assessments provided information about a single time point, 24-h urine osmolality and 24-h urine specific gravity were the best predictors of 24-h body water balance.
INTRODUCTION
Water supports human cellular metabolism, nerve transmission, muscle contraction, temperature regulation, cardiovascular transport of oxygen and nutrients, and numerous other processes. Recent controlled experiments also indicate that mild dehydration (1.6% body mass loss in men, 1.4% in women) may induce adverse changes in mood, vigilance, working memory, concentration and headache. 1, 2 These functions/effects explain why avoiding moderate-to-severe dehydration is fundamental to optimal physical and mental performance, and why accurate daily assessment of hydration status is valuable. Today, at least 12 different hydration assessment techniques are available for use in clinical, athletic, industrial and scientific settings; these involve either whole-body, hematologic, urinary or sensory measurements. 3 However, the body's fluid À electrolyte balance changes constantly throughout a day because water is lost from the lungs, skin and kidneys, and because water is gained in food and fluids. 4 Hot environments, clothing insulation, exercise and inadequate rehydration potentiate fluid and electrolyte imbalances. 4, 5 Further, neuroendocrine regulation of water balance via arginine vasopressin is distinct from sodium balance via aldosterone in the kidneys. 6 Thus, all hydration assessment techniques are best viewed as singular measures of a complex and dynamic fluid matrix, which exists in interconnected compartments. 3, 4 Relevant to the present investigation, a number of organizations and authorities 4, 5, [7] [8] [9] 10 acknowledge urine volume, body weight change, urine color, and urine specific gravity as useful tools to assess hydration status. In the field of sports medicine, for example, one professional organization 7 recommends that athletes remain well hydrated by observing the following standards across days: þ 1 to À 1% change of body weight, urine color of 1 or 2, and urine specific gravity o1.010. Other published review articles provide recommendations regarding hydration biomarkers, from the perspectives of clinical nutrition and metabolism, 8 children and adults, 9 and sport. 4, 5, 10 However, none of these publications provides an incontrovertible argument (that is, based on a reference standard) for the superiority of a single hydration index, [3] [4] [5] [7] [8] [9] [10] and few have measured total 24-h whole-body fluid balance directly.
Therefore, the purpose of this investigation was to evaluate 12 hydration biomarkers to determine whether each represents daily whole-body water balance, thereby offering updated information to dietitians. This evaluation was performed on 59 healthy young men, by determining 24-h renal water retention or clearance (WR-C), on 5 separate days. This method quantifies the net daily water gain or loss of an individual; it is analogous to the populationbased statistical method employed by Manz et al. 9 to determine the daily adequate intake of water for German citizens. Although WR-C is widely used to diagnose renal diseases and to determine 1 physiological function (that is, representing the kidney's ability to reabsorb or excrete water), to our knowledge, this was the first use of 24-h WR-C as a reference standard to evaluate hydration biomarkers. On the basis of previously published research 3, 6, 9 and the dynamic complexity inherent in regulation of human fluid À electrolyte balance (see above), we hypothesized that (1) urinary indices would represent WR-C better than body mass change, total fluid intake and serum osmolality; and (2) 24-h determinations would represent WR-C better than a single morning measurement.
MATERIALS/SUBJECTS AND METHODS
Before experiments, the University of Connecticut, Institutional Review Board for Human Studies approved this protocol and each participant provided written, informed consent to participate. The following characteristics excluded potential subjects: tobacco smoking, body mass outside the range 60-85 kg, lactose intolerance, consuming more than eight cola beverages or four cups (150 ml) of brewed coffee per day, and participation in prolonged or intense exercise. Subjects were instructed to maintain their ordinary exercise activities throughout this investigation, and completed a medical history questionnaire to verify that they were healthy, not taking medications that would affect measured physiological variables, and were free from renal, cardiovascular, metabolic or respiratory disease. An activity questionnaire was administered to evaluate the duration, type and frequency of exercise during the 30 days before data collection.
Fifty-nine healthy males were enrolled and participated across 11 days. This protocol required that subjects simply go about their ordinary daily activities (that is, most were college students), visiting the laboratory on 5 days. During one preliminary visit to the Human Performance Laboratory, height was measured to the nearest 1 cm, and body mass was measured on a platform scale ( ± 100 g; Ohaus DS44L, Florham Park, NJ, USA). Body mass index was calculated from height (m) and body mass (kg), using the following formula: body mass index ¼ body mass/(height 2 ). These men met with a registered dietitian each morning (days 1-11) to optimize completeness and accuracy of food and fluid records. Dietary macronutrients were analyzed with commercial software (Nutritionist Pro, version 1.2, N-Squared Computing, Salem, OR, USA). The 24-h total fluid intake (ml) was calculated from all beverages, soups and moisture in solid foods.
Data were recorded as part of a previous study. 11 Subsequently, a second publication 12 reported categories of hydration status from this database, based on hematologic and renal hydration variables. The focus of the present investigation is distinct from both previous publications. To reduce the day-today statistical variance of all hydration biomarkers, women were not recruited as participants because body water and body weight can fluctuate 1-3 kg during the course of a 28-day menstrual cycle. 13 Subjects collected all urine produced over 24 h on days 1, 3, 6, 9 and 12; without preservation or freezing, technicians then measured urine volume, urine color, 14 urine specific gravity using a hand-held refractometer (Atago A 300CL, Tokyo, Japan), and urine osmolality via freezing-point depression osmometer (Advanced Digimatic, Model 3DII, Needham Heights, MA, USA). The osmometer was calibrated each morning, using manufacturer standard solutions and calibration instructions, to ± 5 mOsm/kg water; given that the mean 24-h urine osmolality was 681 mOsm/kg water, this represented a precision (coefficient of variation, CV) of 0.7%. A previously published evaluation of this instrument 15 involved urinalysis; this publication reported an inter-assay CV of 0.7-0.9%, and an intra-assay CV of 0.2-0.3%. Urine samples also were analyzed for creatinine concentration (Sigma Diagnostics, Procedure #555, St Louis, MO, USA) using a spectrophotometer calibrated at 500 nm (Spectronic 401, Spectronic Instruments, Rochester, NY, USA). Body mass was measured on days 1, 3, 6, 9 and 12, using the platform scale described above. Men wore the same clothing each day: shorts and socks only.
The initial morning urine specimen (0700 and 0800 hours) was collected when subjects returned their 24-h urine container on days 1, 3, 6, 9 and 12; these samples were analyzed for color, specific gravity and osmolality, then the remaining volume was added to the 24-h pooled specimen. Also on these days, blood was obtained from an antecubital arm vein while participants were seated. Serum and plasma osmolality (mosm/kg water; collected on days 1, 3, 6, 9 and 12) were analyzed immediately after collection, using the osmometer described above. Plasma samples were stored at À 80 1C and later analyzed for blood urea nitrogen (Ortho Vitros 950 analyzer, Johnson and Johnson Co., Rochester, NY, USA; 1.5% CV) to evaluate renal function.
Determination of water retention À clearance
The isosmotic urine volume (IUV) (that is, obligatory urine volume) is defined as the volume of water necessary to excrete the extracellular osmotic load (that is, primarily due to diet), in urine that has the same concentration as serum. The IUV is calculated 16, 17 by incorporating measurements of urine volume, urine osmolality and serum osmolality, as follows: IUV ¼ (24-h urine osmolar clearance/S osm ). In this formula, 24-h urinary osmolar clearance is calculated as the quantity (U osm Â V) where U osm represents 24-h urine osmolality, S osm represents serum osmolality (single morning sample) and V represents the 24-h total urine volume. The primary outcome variable of this investigation, the free WR-C, describes the accumulation or excretion of pure water. The WR-C value (ml) represents the difference between the total 24-h urine volume (V) and the IUV. Thus in Figures 1 and 2 , a positive WR-C value represents a 24-h net retention of free water, whereas a negative WR-C value represents a 24-h net clearance of free water.
Statistical analyses
Statistical power analyses to determine sample size were performed using physiological measurements as dependent variables, and were calculated using a two-tailed test, a ¼ 0.05, with a desired minimum power of 0.8. Our calculation of sample size involved (a) calculation of sample size using serum osmolality, urine specific gravity and urine volume; and (b) selection of the single estimate that required the largest sample size; this variable was urine volume. We computed that a subject sample of n ¼ 15 subjects was needed to determine statistical significance, using online statistical software (DSS Research, 4150 International Plaza, Suite 900, Fort Worth, TX 76109, USA). The means, ± s.d., correlations, regression analyses and P values were accomplished with Microsoft Office Excel software (version 12.0, 2007, Redmond, WA, USA).
RESULTS
The mean ( ± s.d.) physical characteristics of the 59 male subjects were: body mass, 75.1 ± 7.9 kg; height, 178 ± 6 cm; body mass index, 23.9±2.4 kg/m 2 ; and age, 22±3 years. The daily ad libitum macronutrient intake (days 1-11) of these men included 52 ± 8% carbohydrate, 31 ± 5% fat and 18 ± 4% protein, and 2782±699 Kcal of energy. The mean change in body mass (that is, day-to-day variance) between consecutive measurements (that is, day 1 to day 3, or day 6 to day 9) was 0.57 kg (1.3 lb) or 0.8%. The largest change of body mass (maximum À minimum) for each subject, between consecutive observations, across all days of this investigation, averaged 1.29±0.56 kg (2.83±1.23 lb) or 1.8% of body weight. Table 1 presents the results of statistical regression analyses, which describe the relationships between WR-C and 12 different hydration indices. The r 2 values in column 2 represent the percent of the statistical variance in WR-C that is explained by each variable. Thus, the 24-h urine osmolality (r 2 ¼ 0.60) and the 24-h urine specific gravity (r 2 ¼ 0.52) were far superior to all other indices in Table 1 . Figure 1 depicts these two relationships and illustrates that WR-C (0.0 liters on the x axis) existed at values of 1.013 for urine specific gravity and 416 mosm/kg for urine osmolality. The correlation (not shown) between urine specific gravity and urine osmolality in 24-hr collections (r 2 ¼ 0.91, F ¼ 2939.3, Po0.0000001, n ¼ 288) was very strong.
The vertical line representing zero in Figure 1 intersects the x axis at the point of water balance (WR-C ¼ 0.0 l). Because urine formation is influenced by many dietary and non-dietary factors, this line represents more than the mathematical difference between 24-hour total fluid intake and 24-hour urine volume. It is the point at which all water gains (for example, beverage intake, moisture in foods, water of metabolism) equal all water losses (for example, urine, sweat, respiratory water) during a 24-h period. Thus, all values in Figure 1 that lie to the right of the vertical line representing zero represent 24-h net water retention (that is, renal reabsorption), and all values to the left of the y axis represent 24-h net water clearance (that is, renal excretion). Figure 2 depicts three variables, which were the focus of our first hypothesis: 24-h body mass change, 24-h total fluid intake and serum osmolality. None of these variables was strongly related to WR-C (all r 2 o0.01). The statistical correlation (not shown) between serum osmolality and plasma osmolality (r 2 ¼ 0.74, F ¼ 812.4, Po0.0000001, n ¼ 288) was strong. Virtually all of the 289 measurements, involving 12 hydration indices, fell within normal clinical ranges. 18 Renal function also was deemed normal in all subjects due to the fact that measurements of urine creatinine excretion and blood urea nitrogen (not shown; reported in Armstrong et al. 11 ) were within the normal clinical range of healthy adult males. 18 
DISCUSSION
Human water balance is regulated via continuous, complex neuroendocrine responses to water and salt consumption, fluid losses (that is, from skin, lungs and the kidneys), postural changes, exercise, plus osmotic or oncotic fluid movements between intracellular and extracellular compartments. As a result, total body water changes in a pattern similar to a sinusoidal wave, which fluctuates around an average volume that is regulated by the brain. 4, 6 Dynamic responses in the kidneys complicate the question, 'Which hydration biomarker best represents whole-body water balance?' The answer remains elusive today, despite numerous research studies which have explored more than a dozen hydration assessment techniques. [3] [4] [5] [7] [8] [9] The present investigation employed calculations of 24-h WR-C as a reference standard; the findings provided novel insights into the meaning and effectiveness of 12 hydration markers. This method, which quantifies the net daily water gain or loss of an individual, is analogous to the population-based statistical method developed by Manz and colleagues, 9 to determine the daily adequate intake of water. We hypothesized that (1) urinary indices would represent WR-C better than body mass change, total fluid intake and serum osmolality; and (2) 24-hour determinations would represent WR-C better than a single morning measurement. Both hypotheses were confirmed by this investigation.
Water retention À clearance As noted above, measurements and calculations that determine WR-C are widely used in medicine and physiology, to represent renal reabsorption or excretion. 16, 17 The present investigation utilized a 24-h urine collection, a single blood sample, plus analyses of urine osmolality and serum osmolality. The male participants were active, not highly trained, and did not participate in prolonged or intense exercise. As such, they represent a reasonable goal for daily, normal hydration status.
Because few, if any, previous publications utilized a reference standard measurement, 3, 4, 8, 10 current recommendations regarding applications of hydration indices are based on committee consensus, 7, 19 statistically-based distributions, 12 or expert opinion. 4, 8, 10 In contrast, Figure 1 provides objective evidence for values that delineate 24-h water retention from 24-h water clearance. In the top panel of Figure 1 , the line of best fit intersects the y axis at a urine specific gravity of 1.013. In the bottom panel of Figure 1 , the regression line intersects the y axis at a urine osmolality of 416 mosm/kg. The strength of these relationships indicate that 24-h urine specific gravity and 24-h urine osmolality are superior to other hydration indices (Table 1) for advising healthy adults about daily whole-body water balance. However, because of the dynamic complexity inherent in human fluid À electrolyte regulation, 3 neither value (1.013 or 410 mosm/kg) should be used as a firm boundary that distinguishes euhydration from dehydration.
Both Table 1 and Figure 2 demonstrate that 10 hydration indices were weak predictors of WR-C. Specifically, fluid intake, serum osmolality, body mass change, urine volume and urine color were poor predictors of 24-h WR-C. Also, when single morning urine measurements of osmolality, specific gravity and color were compared with 24-h urine measurements (Table 1) , the latter more effectively predicted WR-C.
Interpreting WR-C The most obvious feature of Figure 1 is that the vast majority of data points lie in the zone of water retention, to the right of the y axis. This illustrates that few healthy young males consume enough water each day to produce a 24-hour net water clearance. Instead, they rely on the urine concentrating capability of the kidneys (that is, the countercurrent mechanism) to maintain water balance and tonicity, perhaps because they are not aware of their hydration status. 20 Very high urine osmolality values in Figure 1 (41000 mosm/kg) are disconcerting, because the risk of kidney stones and urinary tract infections increase with chronic, elevated urine concentration; 21, 22 also, chronic kidney disease and kidney stones are less common in men who consume a large fluid volume each day. 23 Previous studies of adult kidney function have shown that urine osmolalities ranging from B900-1100 mosm/kg represent the maximal urine concentrating ability of the kidneys, for adults who are B20 years old. 21, 24 Figure 1 (bottom panel) demonstrates that 22% of all values (63 out of 289 measurements) fell within the range of 901-1172 mosm/kg, suggesting near-maximal or maximal concentration.
The 19 rightmost water retention values in Figure 1 (WR-C4 þ 3.5 l; bottom panel) represent a large osmotic load (total osmolar content, 1939±254 mosm/24 h; influenced primarily by dietary contents), which was processed by the kidneys to produce a highly concentrated urine (mean ± s.d., 980 ± 107 mosm/kg) with a 24-h volume of 1995±284 ml/24 h; the average total fluid intake on these 19 occasions was 2265±674 ml/24 h. In contrast, the means of all measurements in Figure 1 were: total osmolar content, 951 ± 416 mosm/24; urine osmolality, 682 ± 244 mosm/kg; 24-h urine volume, 1485±284 ml; and total fluid intake, 2281 ± 739 ml/24 h. Thus, with a similar fluid intake, the highly concentrated samples (WR-C4 þ 3.5 l) were formed by excreting an additional 510 ml of urine. The investigations of de Castro et al. 25 and Bossingham et al. 26 suggest that this likely was due to a diet that contained a large amount of solid, not to any specific macronutrient (for example, protein), and suggests that further research is warranted to verify this concept.
A large osmotic load (that is, primarily related to dietary intake) reduces the functional surplus of water. 21 This explains why water intake and body mass provide only rough indications of 24-h hydration status, and why urine volume per se is not related to whole-body water balance (Table 1) ; simply stated, none of these variables include a direct measurement of solute excretion. 9 The European Food Safety Authority (EFSA) recognized this fact, when prescribing daily total fluid intake (that is, drinking water þ beverages þ moisture in solid foods) for women (2.0 l/ day) and men (2.5 l/day). The EFSA adequate intakes are based on observed fluid intakes and on considerations of achievable or desirable (that is, low) urine osmolarity. EFSA acknowledged that the most important factors in determining individual water requirements are the diet, its osmotic solute content, and the concentrating capacity of the kidneys. 27 In conclusion, the dynamic complexity of human water movements and neuroendocrine regulation of body water make it difficult to answer the question, 'Which hydration biomarker best represents whole-body water balance?'. The observations of the present investigation indicate that daily water balance is evaluated most effectively by measuring either urine osmolality or urine specific gravity in a 24-h sample ( Table 1 ). The 24-h body mass change, 24-h total fluid intake, and morning serum osmolality did not represent daily water balance (r 2 p0.01; Figure 2 ). This finding supports recently published evidence in free-living adults 27 and can be applied in the following ways. First, this information is useful to dietitians, physicians and nurses who require accurate measurements of patient hydration status. Urine specific gravity, measured via hand-held refractometer, is an excellent option because it is less expensive, and requires little technical expertise or time, when compared with freezing-point depression osmometry. 3 Although 24-h urine collections may seem inconvenient to some individuals, this is not of concern for hospitalized or institutionalized patients. Second, for individuals who desire to self-assess hydration status, these findings do not mean that spontaneous measurements of urine color or specific gravity should be avoided. Although morning urine samples usually are more concentrated than 24-h urine collections, 12 single samples provide useful feedback about acute changes of hydration status and can be employed simply, multiple times each day. We recommend that two or more hydration biomarkers (that is, thirst, body mass change, urine color) be used to evaluate hydration status. 3 Fluid balance can be considered adequate when any two biomarkers indicate euhydration. 10 Finally, the meaning of chronically maintaining a high positive WR-C value (see Figure 1 ), in terms of kidney health and longevity, will only be determined by longitudinal clinical trials and epidemiological studies. These future studies also should explore sex differences in renal function, because men generally excrete urine that is more concentrated than women. 
